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(57) ABSTRACT 

Method for Supplying a high purity gas product comprising 
providing a first gas stream including a major component and 
at least one impurity component, determining the concentra 
tion of the at least one impurity component, and comparing 
the concentration so determined with a reference concentra 
tion for that component. When the value of the concentration 
so determined is less than or equal to the reference concen 
tration, the first gas stream is utilized to provide the high 
purity gas product. When the value of the concentration so 
determined is greater than the reference concentration, a sec 
ond gas stream comprising the major component is provided 
and the first and second gas streams are mixed to yield a 
mixed gas stream having a concentration of the at least one 
impurity component that is less than the reference concentra 
tion. The mixed gas stream is utilized to provide the high 
purity gas product. 

20 Claims, 3 Drawing Sheets 
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1. 

N-LINE GAS PURITY MONITORING AND 
CONTROL SYSTEM 

BACKGROUND OF THE INVENTION 

A continuous Supply of high purity feed gas is required in 
semiconductor manufacturing, analytical instrumentation, 
the operation of fuel cells, and other applications in which 
impurities in the feed gas can result in defective products, 
incorrect measurements, and damage to expensive equip 
ment. For example, chemical vapor deposition processes are 
highly sensitive to Small amounts of impurities in the feed 
gases used and are totally dependent on an uninterrupted 
Supply of high purity feed gas. Many sensitive analytical 
instruments require a reliable Supply of high purity reference 
or purge gases in order to generate reliable analyses. Fuel 
cells that operate on hydrogen can be irreversibly damaged by 
impurities such as hydrogen Sulfide and carbon monoxide 
when present in the hydrogen feed gas. 

High purity gases for Such applications may be provided 
from various types of storage systems or alternatively may be 
generated immediately prior to use. The operation of storage 
systems may be susceptible to contamination, for example, 
when discharged tanks or cylinders are refilled from an exter 
nal source or are replaced with full tanks or cylinders. The 
operation of high purity gas generating systems may be Sub 
ject to operational upsets or contaminated feedstocks, which 
may introduce undesirable contaminants into the high purity 
gas product. 
One approach to this problem is to shut down the gas 

consuming process when impurities in the high purity or 
ultra-high purity feed gas are detected at a concentrations 
above allowable limits. This action reduces the potential for 
defective products and damage to sensitive equipment, but 
requires downtime to correct the problem and restart the 
process. Another approach is to provide a purification system 
or guard bed that operates continuously on the feed gas or is 
used to purify the feed gas stream only when contamination is 
detected in the feed gas. 

It would be desirable to reduce the concentration of dam 
aging contaminants in a high purity feed gas without inter 
ruption of the downstream process and without the need to 
purify the entire feed gas stream. The embodiments of the 
present invention address this need as disclosed in the follow 
ing specification and defined by the claims that follow. 

BRIEF SUMMARY OF THE INVENTION 

An embodiment of the invention relates to a method for 
Supplying a high purity gas product comprising providing a 
first gas stream containing a major component and at least one 
impurity component, determining the concentration of the at 
least one impurity component, and comparing the concentra 
tion so determined with a reference concentration for that 
component. When the value of the concentration so deter 
mined is less than or equal to the reference concentration, the 
first gas stream is utilized to provide the high purity gas 
product. When the value of the concentration so determined is 
greater than the reference concentration, a second gas stream 
comprising the major component is provided and the first and 
second gas streams are mixed to yield a mixed gas stream 
having a concentration of the at least one impurity component 
that is less than the reference concentration. The mixed gas 
stream is utilized to provide the high purity gas product. 
The major component of the first gas stream may be hydro 

gen and the at least one impurity component may be selected 
from the group consisting of hydrogen Sulfide; carbonyl Sul 
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2 
fide; carbon monoxide; hydrocarbons having up to 5 carbon 
atoms; and compounds containing carbon atoms, hydrogen 
atoms, and one or more atoms selected from the group con 
sisting of oxygen, nitrogen, and Sulfur. 
The first gas stream may be generated from a feed gas 

comprising one or more hydrocarbons having up to 5 carbon 
atoms by any of steam reforming, partial oxidation, and auto 
thermal reforming. Alternatively, the hydrogen may be gen 
erated by the electrolysis of water. 
The second gas stream may be provided from a storage 

system that stores the gas as a compressed gas, a cryogenic 
liquid, an adsorbed gas, or a chemically bound gas. The major 
component of the first gas stream and the second gas stream 
may be hydrogen. The storage system may store the gas as 
liquid hydrogen and the hydrogen in the second gas stream 
may be provided by vaporizing the liquid hydrogen. 
The major component in the first and second gas streams 

may be hydrogen and either (1) the first gas stream may be 
provided by the electrolysis of water or the second gas stream 
may be provided by the electrolysis of water or (2) the first gas 
stream may be provided by the electrolysis of water and the 
second gas stream may be provided by the electrolysis of 
Water. 

In another embodiment, the second gas stream may be 
provided by dividing the first gas stream into a first Substream 
and a second Substream, removing at least a portion of the at 
least one impurity component in the first Substream to provide 
a purified Substream, and mixing the purified Substream with 
the second Substream to provide the high purity gas product. 
The major component of the first gas Substream and the 
second gas Substream may be hydrogen. 
At least a portion of the at least one impurity component in 

the first gas substream may be removed therefrom by any 
method selected from the group consisting of permeation 
through a hydrogen-permeable membrane, pressure Swing 
adsorption, thermal Swing adsorption, and chemical reaction 
with a porous solid. The first gas stream may be generated 
from a feed gas comprising one or more hydrocarbons having 
up to five carbon atoms by any of Steam reforming, partial 
oxidation, and autothermal reforming. Alternatively, the 
hydrogen in the first gas stream may be generated by the 
electrolysis of water. 
The concentration of the at least one impurity component 

in the first gas stream may be determined by a sensor selected 
from the group consisting of field effect transistor (FET) 
sensors, microcantilever sensors, quartZ-crystal sensors, 
electrolytic sensors, and chemiresistor sensors. 
The high purity gas product may comprise hydrogenas the 

major component and the high purity gas product may be 
utilized as feed to a fuel cell. 
An alternative embodiment of the invention relates to an 

apparatus for generating a highpurity gas product comprising 
(a) a first flow control valve and piping means adapted to 

provide a first gas stream comprising a major component 
and at least one impurity component; 

(b) a second control valve and piping means adapted to 
provide a second gas stream comprising the major com 
ponent; 

(c) a mixing Zone having a first inlet, a second inlet, and an 
outlet, wherein the first inlet is in gas flow communica 
tion with the first flow control valve and piping means 
and the second inlet is in gas flow communication with 
the second control valve and piping means, and wherein 
the mixing Zone is adapted to mix the first and second 
gas streams and provide a mixed gas stream via the 
outlet; 
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(d) an analysis Zone having an inlet, an outlet, and at least 
one sensor adapted to measure the concentration of the 
at least one impurity component in the mixed gas stream 
and generate a first signal proportional to the concentra 
tion of the impurity component therein, wherein the inlet 
of the analysis Zone is in gas flow communication with 
the outlet of the mixing Zone and the outlet is adapted to 
provide the high purity gas product; and 

(e) control means adapted to receive the first signal, com 
pare the first signal with a first parameter proportional to 
the concentration of the at least one impurity in the first 
gas stream and a second parameter proportional to a 
maximum allowable concentration of the at least one 
impurity in the high purity gas product, generate a sec 
ond signal and a third signal, and transmit the second and 
third signals to the first and second flow control valves, 
respectively, such that the flow rates of the first and 
second gas streams can be adjusted to yield a concentra 
tion of the at least one impurity in the high purity gas 
product equal to or less than the maximum allowable 
concentration. 

The first gas stream may comprise a plurality of impurity 
components and the analysis Zone may comprise a plurality 
of sensors, wherein each sensor is adapted to determine the 
concentration of a different impurity component. 
The apparatus may further comprise means for generating 

the first gas mixture from a feed gas comprising one or more 
hydrocarbons having up to 5 carbon atoms by any of steam 
reforming, partial oxidation, and autothermal reforming. 
Alternatively, the apparatus may further comprise either (1) 
means to provide the first gas stream by the electrolysis of 
water or means to provide the second gas stream by the 
electrolysis of water or (2) means to provide the first gas 
stream by the electrolysis of water and means to provide the 
second gas stream by the electrolysis of water. 
The apparatus may further comprise purifier means 

adapted for the removal of the at least one impurity from the 
first gas mixture, wherein the purifier means has an inlet and 
an outlet, piping means adapted to transfer a portion of the 
first gas mixture to the inlet of the purifier means, and piping 
means adapted to transfer a purified gas mixture from the 
outlet of the purifier to the second control valve. The purifier 
means may comprise a system selected from the group con 
sisting of permeation through a hydrogen-permeable mem 
brane, pressure Swing adsorption, thermal Swing adsorption, 
and chemical reaction with a porous Solid. 
A related embodiment of the invention includes a method 

for generating a high purity gas product comprising 
(a) providing an apparatus comprising 

(1) a first flow control valve and piping means and 
adapted to provide a first gas stream comprising a 
major component and at least one impurity compo 
nent; 

(2) a second control valve and piping means adapted to 
provide a second gas stream comprising the major 
component; 

(3) a mixing Zone having a first inlet, a second inlet, and 
an outlet, wherein the first inlet is in gas flow commu 
nication with the first flow control valve and piping 
means and the second inlet is in gas flow communi 
cation with the second control valve and piping 
means, and wherein the mixing Zone is adapted to mix 
the first and second gas streams and provide a mixed 
gas stream via the outlet; 

(4) an analysis Zone having an inlet, an outlet, and at 
least one sensor adapted to measure the concentration 
of the at least one impurity component in the mixed 
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4 
gas stream and generate a first signal proportional to 
the concentration of the impurity component therein, 
wherein the inlet of the analysis Zone is in gas flow 
communication with the outlet of the mixing Zone and 
the outlet is adapted to provide the high purity gas 
product; and 

(5) control means adapted to receive the first signal, 
compare the first signal with a first parameter propor 
tional to the concentration of the at least one impurity 
in the first gas stream and a second parameter propor 
tional to a maximum allowable concentration of the at 
least one impurity in the high purity gas product, 
generate a second signal and a third signal, and trans 
mit the second and third signals to the first and second 
flow control valves, respectively; 

(b) providing the first gas stream comprising the major 
component and the at least one impurity component; 

(c) determining the concentration of the at least one impu 
rity component, in the mixed gas stream, generating the 
first signal proportional to the concentration of the impu 
rity component therein, and comparing the first signal So 
generated with the first and second parameters; 

(d) when the value of the first signal so determined is less 
than or equal to second parameter, generating the second 
and third signals which open the first control valve and 
close the second control valve, respectively, such that the 
first gas stream provides the high purity gas product; and 

(e) when the value of the concentration so determined is 
greater than the second parameter, 
(1) generating the second and third signals, 
(2) providing the second gas stream comprising the 

major component, 
(3) utilizing the second and third signals to control the 

first and second flow control valves, respectively, such 
that the signal proportional to the concentration of the 
at least one impurity component in the mixed gas 
stream is less than the second parameter, and 

(4) utilizing the mixed gas stream to provide the high 
purity gas product. 

The first gas stream may comprise a plurality of impurity 
components and the analysis Zone may comprise a plurality 
of sensors, wherein each sensor is adapted to determine the 
concentration of a different impurity component. The method 
may further comprise generating the first gas mixture from a 
feed gas comprising one or more hydrocarbons having up to 
5 carbon atoms by any of steam reforming, partial oxidation, 
and autothermal reforming. Alternatively, the first gas stream 
may comprise hydrogen generated by the electrolysis of 
Water. 

The method may further comprise (f) providing purifier 
means adapted for the removal of the at least one impurity 
from the first gas mixture, wherein the purifier means has an 
inlet and an outlet, piping means adapted to transfera portion 
of the first gas mixture to the inlet of the purifier means, and 
piping means adapted to transfer a purified gas mixture from 
the outlet of the purifier to the second control valve; and (g) 
removing at least a portion of the at least one impurity from 
the first gas mixture to provide the purified gas mixture and 
transferring the first gas mixture to the second control valve, 
The purifier means may comprise a system selected from 

the group consisting of permeation through a hydrogen-per 
meable membrane, pressure Swing adsorption, thermal Swing 
adsorption, and chemical reaction with a porous solid. 

Another related embodiment of the invention includes a 
method for Supplying a high purity gas product comprising 

(a) providing a first gas stream comprising a major com 
ponent and at a plurality of impurity components; 
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(b) determining the concentration of each of the impurity 
components and Summing the concentrations so deter 
mined to yield a total impurity concentration, and com 
paring the total impurity concentration with a reference 
total impurity concentration; 

(c) when the value of the total impurity concentration is 
less than or equal to the reference total impurity concen 
tration, utilizing the first gas stream to provide the high 
purity gas product; and 

(d) when the value of the total impurity concentration is 
greater than the reference total impurity concentration, 
(1) providing a second gas stream comprising the major 

component, and 
(2) mixing the first gas stream with the second gas 

stream to yield a mixed gas stream having a total 
impurity concentration that is less than the reference 
total impurity concentration, and utilizing the mixed 
gas stream to provide the high purity gas product. 

An alternative embodiment of the invention relates to an 
apparatus for generating a highpurity gas product comprising 

(a) a proportional flow control and mixing valve having a 
first inlet adapted to accept a first gas stream comprising 
a major component and at least one impurity component, 
a second inlet adapted to accept a second gas stream 
comprising the major component, and an outlet adapted 
to supply a mixed gas stream; 

(b) an analysis Zone having an inlet, an outlet, and at least 
one sensor adapted to measure the concentration of the 
at least one impurity component in the mixed gas stream 
and generate a first signal proportional to the concentra 
tion of the impurity component therein, wherein the inlet 
of the analysis Zone is in gas flow communication with 
outlet of the proportional flow control and mixing valve 
and is adapted to provide the high purity gas product; 
and 

(c) control means adapted to receive the first signal, com 
pare the first signal with a first parameter proportional to 
the concentration of the at least one impurity in the first 
gas stream and a second parameter proportional to a 
maximum allowable concentration of the at least one 
impurity in the high purity gas product, generate a sec 
ond signal proportional to the ratio of the first and second 
parameters, and transmit the second signal to the pro 
portional flow control and mixing valve such that the 
flow rates of the first and second gas streams can be 
adjusted to yield a concentration of the at least one 
impurity in the high purity gas product equal to or less 
than the maximum allowable concentration. 

The first gas stream may comprise a plurality of impurity 
components and the analysis Zone may comprise a plurality 
of sensors, wherein each sensor is adapted to determine the 
concentration of a different impurity component. 
The apparatus may further comprise means for generating 

the first gas mixture from a feed gas containing one or more 
hydrocarbons having up to five carbon atoms by any of steam 
reforming, partial oxidation, and autothermal reforming. 
Alternatively, the apparatus may further comprise either (1) 
means to provide the first gas stream by the electrolysis of 
water or means to provide the second gas stream by the 
electrolysis of water or (2) means to provide the first gas 
stream by the electrolysis of water and means to provide the 
second gas stream by the electrolysis of water. 
The apparatus may further comprise purifier means 

adapted for the removal of the at least one impurity from the 
first gas mixture, wherein the purifier means has an inlet and 
an outlet, piping means adapted to transfer a portion of the 
first gas mixture to the inlet of the purifier means, and piping 
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6 
means adapted to transfer a purified gas mixture from the 
outlet of the purifier to second inlet of the proportional flow 
control and mixing valve. The purifier means may comprise a 
system selected from the group consisting of permeation 
through a hydrogen-permeable membrane, pressure Swing 
adsorption, thermal Swing adsorption, and chemical reaction 
with a porous solid. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

FIG. 1 is a schematic flow diagram of an embodiment of the 
present invention. 

FIG. 2 is a schematic flow diagram of an alternative 
embodiment of the present invention. 

FIG.3 is a schematic flow diagram of another embodiment 
of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the invention disclosed herein comprise 
systems and methods for continuously Supplying a high 
purity gas product to a downstream gas consuming process. A 
primary gas Supply normally provides the high purity gas 
product at or below maximum allowable impurity levels; in 
the event of an increase in the impurity levels in the primary 
gas Supply, the primary gas is blended with a second gas of 
higher purity to dilute the primary gas and form a gas mixture 
that meets the purity specifications for the high purity gas 
product. An in-line sensor monitors the purity of the high 
purity gas product and a flow control system controls the 
primary gas and Secondary gas flow rates Such that the gas 
product is provided at or below the maximum allowable 
impurity levels. Embodiments of the invention may be used, 
for example, to provide high purity hydrogen feed to a hydro 
gen fuel cell system. 
A first embodiment of the invention is illustrated by the 

process flow diagram of FIG. 1. Primary gas is provided by 
gas supply system 1 via line 3, flow control valve 5, line 7, and 
mixing Zone 9. A secondary gas (later defined) may be intro 
duced via line 8, control valve 10, and line 11 into mixing 
Zone 9 during certain operating conditions as described later. 
Gas Supply system 1 may be a gas generation system which 
produces the primary gas onsite or a gas storage system which 
stores primary gas produced offsite and delivered on a regular 
basis. Mixing Zone 9 may utilize any type of mixing apparatus 
known in the art to ensure a homogeneous or nearly homo 
geneous mixed gas in line 13. Mixing apparatus may include, 
for example, diffusers, diffuser plates, baffles, static mixers, 
and the like. 
Gas from mixing Zone 9 flows via line 13 to analytical 

system or analysis Zone 15 which is equipped with an array of 
one or more sensors to determine continuously the concen 
trations of one or more impurities in the gas flowing via line 
13. Each sensor may be selected to detect a given impurity. A 
high purity gas product flows via line 17 to product gas 
receiving system 19, wherein the gas is used or stored for 
future use. The high purity gas product may contain one or 
more impurities, and the concentrations of one or more of 
these impurities may be undesirable in receiving system 19. A 
maximum allowable concentration is specified for each unde 
sirable impurity present or potentially present in the high 
purity product gas in line 17. During normal operation, any 
impurity in the primary gas provided by gas Supply system 1 
should be below these maximum allowable concentrations. 
The concentration of any of the undesirable impurities in the 
secondary gas provided via line 8 should be well below the 
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maximum allowable concentrations in the high purity prod 
uct gas. Any of the impurity concentrations in the secondary 
gas may be below detectable limits. The secondary gas may 
be provided from a storage system that stores the gas as a 
compressed gas, a cryogenic liquid, an adsorbed gas, or a 5 
chemically bound gas. Alternatively, the secondary gas may 
be hydrogen generated by the hydrolysis of water. 

The output signals of the one or more sensors in analytical 
system or analysis Zone 15 are transmitted via signal line 21 
to control system 23. The output signal from each impurity 10 
sensor is compared by control system 23 with a parameter for 
the impurity detected by that sensor, wherein the parameter is 
stored in control system 23 and is proportional to the maxi 
mum allowable concentration of that impurity in the high 
purity product gas in line 17. During normal operation when 15 
the concentrations of all undesirable impurities in the high 
purity product gas are below the maximum allowable con 
centrations, control system 23 sends a control signal via sig 
nal line 25 to maintain control valve 10 in a closed position. 
Control system 23 maintains a desired flow rate of high purity 20 
gas in line 17 by sending a signal via signal line 27 to control 
valve 5 to maintain the flow rate of the primary gas in line 7 at 
this desired flow rate. 

During abnormal or upset conditions associated with gas 
Supply system 1, the concentrations of one or more impurities 25 
in the high purity product gas in line 13 may increase and 
approach the maximum allowable concentrations. These ris 
ing concentrations are detected by the sensors in analytical 
system 15 and signals proportional to the concentrations are 
transmitted to control system 23. When any of the detected 30 
rising impurity concentrations exceeds the corresponding 
stored maximum concentration parameters, control system 
23 will determine the flow rates of the primary and secondary 
gases in order to (1) maintain the concentrations of undesir 
able impurities below the maximum values in the high purity 35 
product gas delivered via line 17 and (2) maintain the total 
desired flow rate of high purity product gas in line 17. The 
appropriate control signals are transmitted via signal lines 25 
and 27 to flow control valves 10 and 5, respectively, and the 
proper flow rates are controlled in lines 7 and 11. 40 

Under certain upset conditions, the concentration of any of 
the impurities in the primary gas may increase to elevated 
levels that indicate serious operating problems with gas Sup 
ply system 1. This may be observed by monitoring the ratio of 
the secondary gas flow in line 11 to the primary gas flow in 45 
line 7. When this ratio exceeds a predetermined maximum 
value, control system 23 may take corrective action to (1) 
generate an alarm to inform local or remote operating person 
nel and/or (2) transmit a signal via signal line 29 to reduce the 
production rate of gas Supply system 1 or to terminate opera- 50 
tion of gas Supply system 1. If the operation of gas Supply 
system 1 is terminated, the total flow of high purity product 
gas via line 13 may be supplied by the secondary gas, and flow 
control valve 10 therefore should be designed for the required 
flow rate. 55 
An alternative embodiment of the invention is illustrated in 

FIG. 2 wherein the secondary gas is provided by purifying a 
portion of the primary gas. In this embodiment, a portion of 
the primary gas in line 3 is withdrawn via line 201 to purifi 
cation system 203, which is designed and adapted to remove 60 
any of the impurities that may be present in the primary gas 
from gas Supply system 1. When a purified gas diluent is 
required as determined by control system 23, control valve 10 
receives a control signal via control line 25, thereby initiating 
flow via line 201 to purification system 203, and purified gas 65 
flows via line 205, control valve 10, and line 11 to mixing 
Zone 9. The flow rates of primary gas and secondary gas are 

8 
controlled via flow control valves 5 and 10 by control system 
23 as earlier described. All other features of the embodiment 
of FIG. 2 are similar to the corresponding features described 
above with respect to FIG. 1. 

Purification system 203 may utilize one or more purifica 
tion methods adapted to remove the impurities present in the 
primary gas. These purification methods may be selected 
from known methods such as, for example, permeation 
through a hydrogen-permeable membrane, pressure Swing 
adsorption, thermal Swing adsorption, and chemical reaction 
with a porous solid (e.g., a getter). 
An alternative embodiment is illustrated in FIG. 3 wherein 

individual flow control valves 5 and 10 are replaced with 
proportional flow control and mixing valve 301 to control the 
flow and mix the streams provide the high purity gas product 
at the proper purity and flow rate via line 309. The primary 
and secondary gas streams may be provided as in the embodi 
ment of FIG. 1 described above. Primary gas passes via line 
303 and secondary gas passes via line 305 to proportional 
flow control and mixing valve 301, which receives a signal 
from control system 23 via control line 307. Mixed gas having 
the proper ratio of primary and secondary gas flows to ana 
lytical system 15, which operates in conjunction with control 
system 23. Analytical system 15 uses at least one sensor 
adapted to measure the concentration of at least one impurity 
component in the high purity gas product and generate a first 
signal proportional to the concentration of the impurity com 
ponent. 

Control system 23 receives the first signal and compares 
the signal with a first parameter proportional to the concen 
tration of the impurity in the primary gas stream and a second 
parameter proportional to a maximum allowable concentra 
tion of the impurity in the high purity gas product. Control 
system 23 generates a second signal proportional to the ratio 
of the first and second parameters and transmits the second 
signal via control line 307 to proportional flow control and 
mixing valve 301, which adjusts the flow rates of the primary 
and secondary gas streams in lines 303 and 305 to yield a 
concentration of the impurity in the high purity gas product 
equal to or less than the maximum allowable concentration of 
that impurity. 

Analytical system or analysis Zone 15 is an important com 
ponent in the embodiments described above. This analytical 
system uses at least one sensor to measure the concentration 
of an undesirable impurity as described above, and may have 
an array of multiple sensors for measuring the concentrations 
of multiple impurities in the high purity product gas. For 
example, analytical system 15 may include a sensor adapted 
to detect the concentration of carbon monoxide in the Supply 
stream, a sensor to detect the concentration of carbonyl Sul 
fide, and other sensors for other contaminants. When multiple 
impurities are analyzed by multiple sensors, control system 
23 may take action to adjust flow control valves 5 and 10 
(FIGS. 1 and 2) or proportional flow control and mixing valve 
301 (FIG. 3) when any of the impurity concentrations 
approaches and exceeds corresponding allowable maximum 
concentrations. 

Alternatively or additionally, analytical system 15 may be 
designed to measure the total concentration of all undesirable 
impurities in the high purity product gas, and control actions 
may be taken by control system 23 when this total impurity 
concentration exceeds a predetermined maximum concentra 
tion. 

Each of the sensors in analytical system or analysis Zone 15 
should be capable of measuring the concentration of a moni 
tored impurity directly in real time, may have a response time 
of less than about 2 sec, and may detect impurity concentra 
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tions in the range of 0.001 to 1,000 ppmv. The sensors should 
not require additional reactant gases or reagents and should 
not generate additional impurities, for example by causing 
chemical reactions among the components of the gas stream 
being monitored. Any type of sensors known in the art for this 
type of service may be used in the embodiments described 
above. These sensors may be selected from, but are not lim 
ited to, field effect transistor (FET) sensors, microcantilever 
sensors, quartZ-crystal sensors, electrolytic sensors, and 
chemiresistor sensors. 

Microcantilever sensors are Suitable for measuring species 
Such as carbon monoxide, carbon dioxide, hydrogen Sulfide, 
carbonyl sulfide, and methane. Detection limits in the ppm, 
ppb and ppt (parts per trillion) by volume are possible have 
been demonstrated in the art. Microcantilever sensors self 
compensate for variations in gas pressure, temperature, and 
flow rate because two sides of the lever contact the gas; one 
side is active and the other is a reference. Chemical selectivity 
in microcantilever sensors can be achieved by using chemi 
cally specific coatings on the sensor elements. Microcantile 
versensors can be made into arrays for detection of a plurality 
of impurities. A microcantilever sensor array may be used to 
measure at least two of carbon monoxide, carbon dioxide, 
hydrogen Sulfide, carbonyl sulfide, and methane in a high 
purity hydrogen stream. 

Chemiresistor sensor technology may be used for the mea 
Surement of carbon monoxide, carbon dioxide, hydrogen Sul 
fide, carbonyl sulfide, and methane in hydrogen. A unique 
sensor composition is required for each of these impurities, 
and a detection range of approximately 5-40,000 ppmv may 
be possible with these sensors. Chemiresistor sensors do not 
require oxygen for their operation, they are particularly rug 
ged and stable, and they maintain their calibrations for Suit 
ably long periods of time. Chemiresistor sensors must be 
pressure compensated and temperature controlled so that 
cross interference (e.g. between CO and H2S) does not occur, 
which can slow the sensor response. Chemiresistor gas sen 
sors using semiconductor materials comprising thin film 
metal oxides, such as tungsten oxide, have shown good sen 
sitivity for detecting reducing gases, such as hydrogen, anhy 
drous ammonia, hydrazine, propane, butane, methyl alcohol, 
ethyl alcohol and hydrogen sulfide as disclosed in U.S. Pat. 
Nos. 5,433,971 and 5.321,146, which are incorporated herein 
by reference. 

Water may be measured by quartz-crystal sensors such as 
those sold by AmetekR or by electrolytic sensors such as 
those sold by Meeco, Inc. Detection ranges for quartZ-crystal 
sensors vary, depending on the model, 0.02 ppbV through 
2500 ppmv. These sensors are expected to be compatible with 
virtually all non-corrosive gases including inerts, hydrogen, 
oxygen, and nitrogen. Electrolytic sensors are expected to be 
compatible with hydrogen at concentrations up to 5000 ppmv 
with 1 ppm resolution and at concentrations up to 1000 ppmv 
with 0.1 ppm resolution. 
Oxygen may be measured using electrochemical fuel cell 

sensors such as those sold by Meeco, Inc. and Teledyne 
Analytical Instruments, and by coulometric sensors such as 
those sold by Delta F. These sensors can detect ranges at ppm 
levels as well as percentage levels, and they are expected to be 
compatible with hydrogen. 

Control system 23 may utilize a programmable logic com 
puter (PLC) or any other type of controller known in the art 
for this service. An exemplary controller for use with embodi 
ments of the present invention is a Siemens Model 353 stan 
dalone electronic controller. Input and output signals to and 
from the control system may be electronic signals measured 
in units of current or Voltage as is customary in the control 
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10 
system art. Other, non-exclusive signal pathways may include 
an optical signal, wave form, or other signal that may be 
received by the control system and readily transduced into a 
control signal. The communication among analysis system 
15, control system 23, and control valves 5, 10, and 301 may 
be hardwired as shown in FIGS. 1-3, or alternatively may be 
effected through wireless communication channels. 
Gas Supply system 1 may be a gas generation system which 

produces the primary gas onsite or may be a gas storage 
system which stores primary gas produced offsite and deliv 
ered on a regular basis. For example, gas Supply system 1 may 
be a high purity hydrogen generation system in which a feed 
gas comprising one or more hydrocarbons having up to 5 
carbon atoms is converted to synthesis gas by steam reform 
ing, partial oxidation, autothermal reforming, or combina 
tions thereof. The synthesis gas typically is shifted to convert 
carbon monoxide to carbon dioxide, the carbon dioxide is 
removed, and the remaining gas is purified by pressure Swing 
adsorption to yield a high purity hydrogen product. The 
hydrogen may contain at least one impurity component 
selected from the group consisting of hydrogen Sulfide; car 
bonyl sulfide; carbon monoxide; hydrocarbons having up to 5 
carbon atoms; and compounds containing carbon atoms, 
hydrogen atoms, and one or more atoms selected from the 
group consisting of oxygen, nitrogen, and Sulfur. In one 
example, the hydrogen product after final purification is 
greater than 99.988 vol% pure and contains essentially no 
carbon dioxide, essentially no oxygen, essentially no hydro 
gen Sulfide, less than 8 ppmv water, less than 10 ppmv carbon 
monoxide, less than 10 ppmv methane, and less than 100 
ppmv nitrogen. Alternatively, gas Supply system 1 may be a 
water electrolysis system to generate high purity hydrogen. 
Other onsite gas production systems may be utilized to pro 
vide other primary gases by gas Supply system 1 as needed. 

In another embodiment, gas Supply system 1 may be a 
storage system which stores primary gas produced offsite and 
delivered on a regular basis to refill the storage system. For 
example, the system may be a cryogenic liquid storage sys 
tem with a vaporizer unit to provide the primary gas. Alter 
natively, the primary gas may be stored as a high pressure gas 
in compressed gas cylinders or as a liquid in pressurized 
cylinders at ambient temperature. Other gas storage methods 
may be used such as, for example, chemical hydrides, metal 
hydrides, gas on Solid adsorption, and glass microspheres. In 
one example application, gas Supply system 1 may provide 
high purity hydrogen from evaporated liquid hydrogen or 
from highly purified gaseous hydrogen stored in cylinders. 
Industrial-purity liquid hydrogen is generally 99.999% pure, 
having less than 1 ppmv oxygen, less than 5 ppmv nitrogen, 
less than 1 ppmv argon, less than 4 ppmv methane, less than 
0.5 ppmv carbon monoxide, less than 0.5 ppmv carbon diox 
ide, and less than 0.5 ppmv water. There are various grades of 
highly purified gaseous hydrogen, Such as VLSI, electronic, 
research, ultra-pure carrier, UHP/Zero, and high purity 
grades. These highly-purified grades of hydrogen are gener 
ally greater than 99.995% pure, having typically less than 2 
ppmv argon, less than 0.5 ppmV carbon dioxide, less than 1 
ppmv carbon monoxide, less than 0.5 ppmv total hydrocar 
bons, less than 7 ppmv nitrogen, less than 0.1 ppmv nitrous 
oxide, less than 5 ppmv oxygen, and less than 4 ppmv water. 

Product gas receiving system 19 may be a process which 
directly consumes the high purity product gas, or alterna 
tively a storage system which stores the product gas for future 
use. In one application, for example, product gas receiving 
system 19 is a fuel cell which consumes high purity hydrogen 
as the high purity product gas provided by a gas Supply 
system of FIGS. 1-3 described earlier. Fuel cell technologies 
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used in this application may include proton exchange mem 
branes (PEM), solid oxide fuel cells (SOFC), alkaline fuel 
cells, and direct methanol fuel cells (DMFC). Impurity con 
centration limits in the feed gas to PEM fuel cells may be less 
than 1 Vol.% total inert gases (nitrogen, argon, helium), less 
than 1 part per million by Volume (ppmv) total hydrocarbons, 
less than 500 ppmV oxygen, less than 2 ppmv carbon mon 
oxide plus carbon dioxide, less than 1 ppmv total Sulfur 
containing compounds (e.g. gaseous Sulfur, hydrogen Sulfide, 
and carbonylsulfide), less than 10 parts per billion by volume 
(ppbv) ammonia, and less than 5 ppmv water. In this appli 
cation, the sensors used in analysis system 15 are selected 
specifically to analyze for these impurities and control action 
is taken by control system 23 when any impurity concentra 
tion exceeds its allowable upper limit. 

The systems described above in FIGS. 1-3 may be utilized 
to provide multiple grades of the gas product in line 17 
wherein the impurity concentrations in each stream are stored 
in control system 23 and the flow rates of the primary and 
secondary gas streams are adjusted accordingly by control 
valves 5 and 10 or by flow ratio and mixing valve 303. In one 
example, the system may be used to provide a hydrogen 
stream of a higher purity to a first hydrogen fuel cell system in 
product gas receiving system 19. When a second fuel cell 
requiring lower purity hydrogen is used in product gas receiv 
ing system 19, the operation of the gas Supply system can be 
changed to Supply the lower purity hydrogen. 

The invention claimed is: 
1. A method for Supplying a high purity gas product com 

prising 
(a) providing a first gas stream comprising a major com 

ponent and at least one impurity component; 
(b) determining the concentration of the at least one impu 

rity component and comparing the concentration so 
determined with a reference concentration for that com 
ponent; 

(c) when the value of the concentration so determined is 
less than or equal to the reference concentration, utiliz 
ing the first gas stream to provide the high purity gas 
product; and 

(d) when the value of the concentration so determined is 
greater than the reference concentration, 
(1) providing a second gas stream comprising the major 

component, and 
(2) mixing the first gas stream with the second gas 

stream to yield a mixed gas stream having a concen 
tration of the at least one impurity component that is 
less than the reference concentration, and utilizing the 
mixed gas stream to provide the high purity gas prod 
uct. 

2. The method of claim 1 wherein the major component of 
the first gas stream is hydrogen. 

3. The method of claim 2 wherein the at least one impurity 
component is selected from the group consisting of hydrogen 
sulfide; carbonyl sulfide; carbon monoxide: hydrocarbons 
having up to 5 carbon atoms; and compounds containing 
carbon atoms, hydrogen atoms, and one or more atoms 
selected from the group consisting of oxygen, nitrogen, and 
sulfur. 

4. The method of claim 2 wherein the first gas stream is 
generated from a feed gas comprising one or more hydrocar 
bons having up to 5 carbonatoms by any of steam reforming, 
partial oxidation, and autothermal reforming. 

5. The method of claim 2 wherein the hydrogen is gener 
ated by the electrolysis of water. 
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6. The method of claim 1 wherein the second gas stream is 

provided from a storage system that stores the gas as a com 
pressed gas, a cryogenic liquid, an adsorbed gas, or a chemi 
cally bound gas. 

7. The method of claim 6 wherein the major component of 
the first gas stream is hydrogen and the major component of 
the second gas stream is hydrogen. 

8. The method of claim 7 wherein the storage system stores 
the gas as liquid hydrogen and the hydrogen in the second gas 
stream is provided by vaporizing the liquid hydrogen. 

9. The method of claim 1 wherein the major component in 
the first and second gas streams is hydrogen and either (1) the 
first gas stream is provided by the electrolysis of water or the 
second gas stream is provided by the electrolysis of water or 
(2) the first gas stream is provided by the electrolysis of water 
and the second gas stream is provided by the electrolysis of 
Water. 

10. The method of claim 1 wherein the concentration of the 
at least one impurity component in the first gas stream is 
determined by a sensor selected from the group consisting of 
field effect transistor (FET) sensors, microcantilever sensors, 
quartZ-crystal sensors, electrolytic sensors, and chemiresistor 
SSOS. 

11. The method of claim 1 wherein the high purity gas 
product comprises hydrogen as the major component and 
wherein the high purity gas product is utilized as feed to a fuel 
cell. 

12. An apparatus for generating a high purity gas product 
comprising 

(a) a first flow control valve and piping means adapted to 
provide a first gas stream comprising a major component 
and at least one impurity component; 

(b) a second control valve and piping means adapted to 
provide a second gas stream comprising the major com 
ponent; 

(c) a mixing Zone having a first inlet, a second inlet, and an 
outlet, wherein the first inlet is in gas flow communica 
tion with the first flow control valve and piping means 
and the second inlet is in gas flow communication with 
the second control valve and piping means, and wherein 
the mixing Zone is adapted to mix the first and second 
gas streams and provide a mixed gas stream via the 
outlet; 

(d) an analysis Zone having an inlet, an outlet, and at least 
one sensor adapted to measure the concentration of the 
at least one impurity component in the mixed gas stream 
and generate a first signal proportional to the concentra 
tion of the impurity component therein, wherein the inlet 
of the analysis Zone is in gas flow communication with 
the outlet of the mixing Zone and the outlet is adapted to 
provide the high purity gas product; and 

(e) control means adapted to receive the first signal, com 
pare the first signal with a first parameter proportional to 
the concentration of the at least one impurity in the first 
gas stream and a second parameter proportional to a 
maximum allowable concentration of the at least one 
impurity in the high purity gas product, generate a sec 
ond signal and a third signal, and transmit the second and 
third signals to the first and second flow control valves, 
respectively, such that the flow rates of the first and 
second gas streams can be adjusted to yield a concentra 
tion of the at least one impurity in the high purity gas 
product equal to or less than the maximum allowable 
concentration. 

13. The apparatus of claim 12 wherein the first gas stream 
comprises a plurality of impurity components and the analy 
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sis Zone comprises a plurality of sensors, wherein each sensor 
is adapted to determine the concentration of a different impu 
rity component. 

14. The apparatus of claim 12 which further comprises 
means for generating the first gas mixture from a feed gas 
comprising one or more hydrocarbons having up to 5 carbon 
atoms by any of steam reforming, partial oxidation, and auto 
thermal reforming. 

15. The apparatus of claim 12 which further comprises 
either (1) means to provide the first gas stream by the elec 
trolysis of water or means to provide the second gas stream by 
the electrolysis of water or (2) means to provide the first gas 
stream by the electrolysis of water and means to provide the 
second gas stream by the electrolysis of water. 

16. A method for generating a high purity gas product 
comprising 

(a) providing an apparatus comprising 
(1) a first flow control valve and piping means and 

adapted to provide a first gas stream comprising a 
major component and at least one impurity compo 
nent; 

(2) a second control valve and piping means adapted to 
provide a second gas stream comprising the major 
component; 

(3) a mixing Zone having a first inlet, a second inlet, and 
an outlet, wherein the first inlet is in gas flow commu 
nication with the first flow control valve and piping 
means and the second inlet is in gas flow communi 
cation with the second control valve and piping 
means, and wherein the mixing Zone is adapted to mix 
the first and second gas streams and provide a mixed 
gas stream via the outlet; 

(4) an analysis Zone having an inlet, an outlet, and at 
least one sensor adapted to measure the concentration 
of the at least one impurity component in the mixed 
gas stream and generate a first signal proportional to 
the concentration of the impurity component therein, 
wherein the inlet of the analysis Zone is in gas flow 
communication with the outlet of the mixing Zone and 
the outlet is adapted to provide the high purity gas 
product; and 

(5) control means adapted to receive the first signal, 
compare the first signal with a first parameter propor 
tional to the concentration of the at least one impurity 
in the first gas stream and a second parameter propor 
tional to a maximum allowable concentration of the at 
least one impurity in the high purity gas product, 
generate a second signal and a third signal, and trans 
mit the second and third signals to the first and second 
flow control valves, respectively; 

(b) providing the first gas stream comprising the major 
component and the at least one impurity component; 

(c) determining the concentration of the at least one impu 
rity component in the mixed gas stream, generating the 
first signal proportional to the concentration of the impu 
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rity component therein, and comparing the first signal So 
generated with the first and second parameters; 

(d) when the value of the first signal so determined is less 
than or equal to the second parameter, generating the 
second and third signals which open the first control 
valve and close the second control valve, respectively, 
Such that the first gas stream provides the high purity gas 
product; and 

(e) when the value of the first signal so determined is 
greater than the second parameter, 
(1) generating the second and third signals, 
(2) providing the second gas stream comprising the 

major component, 
(3) utilizing the second and third signals to control the 

first and second flow control valves, respectively, such 
that the signal proportional to the concentration of the 
at least one impurity component in the mixed gas 
stream is less than the second parameter, and 

(4) utilizing the mixed gas stream to provide the high 
purity gas product. 

17. The method of claim 16 wherein the first gas stream 
comprises a plurality of impurity components and the analy 
sis Zone comprises a plurality of sensors, wherein each sensor 
is adapted to determine the concentration of a different impu 
rity component. 

18. The method of claim 16 which further comprises gen 
erating the first gas mixture from a feed gas comprising one or 
more hydrocarbons having up to 5 carbon atoms by any of 
steam reforming, partial oxidation, and autothermal reform 
ing. 

19. The method of claim 16 wherein the first gas stream 
comprises hydrogen generated by the electrolysis of water. 

20. A method for Supplying a high purity gas product 
comprising 

(a) providing a first gas stream comprising a major com 
ponent and at a plurality of impurity components; 

(b) determining the concentration of each of the impurity 
components and Summing the concentrations so deter 
mined to yield a total impurity concentration, and com 
paring the total impurity concentration with a reference 
total impurity concentration; 

(c) when the value of the total impurity concentration is 
less than or equal to the reference total impurity concen 
tration, utilizing the first gas stream to provide the high 
purity gas product; and 

(d) when the value of the total impurity concentration is 
greater than the reference total impurity concentration, 
(1) providing a second gas stream comprising the major 

component, and 
(2) mixing the first gas stream with the second gas 

stream to yield a mixed gas stream having a total 
impurity concentration that is less than the reference 
total impurity concentration, and utilizing the mixed 
gas stream to provide the high purity gas product. 
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